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ABSTRACT 
Confidential 

An 11-lb-thrust rocket motor using ethyl alcohol and 
oxygen has been operat 1 successfully iiUie NRL 
simulated-altitude chamb«.'. at ambient pressures down to 
2 mm. This type of operation has greatly simpllfitd talcing 
quantitative measurements on a rocket-motor exhaust at 
various simulated altitudes up to 130,000 feet. The trans- 
verse electromagnetic wave absorption by the rocket 
exhaust decreases with increasing simulated altitude, 
decreases with an increase in the frequency of the incident 
electromagnetic wave, and increases with the amount of 
some easily ionized fuel additives. Incident frequencies 
corresponding to wavelengths of 0.84, 1.24, and 3.2 cm 
were used. Photographs show the rocket-exhaust structure 
at 17 simulated altitudes from sea level to 130,000 feet. 

PROBLEM STATUS 

This is an interim report; wor!-. on the problem is con- 
tinuing. 

AUTHORIZATION 

NRL Problem R07-07 
Projects NR 418-000 and 41S-005 

AF--MIPR-550WDD-2 

Man .sc t.: »ubmitted January 28    19S7 
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INTERACTION BETWEEN ELECTROMAGNETIC WAVES AND FLAMES 
PART 3 ADSORPTION LOSS THROUGH 

ROCKET EXHAUSTS AS A FUNCTION OF ALTITUDE 
[Unclassified Title] 

INTRODUCTION 

: 

Extensive investigations of the propagation of electromagnetic waves through rocket- 
motor exhausts have been conducted on captive engines operating at sea level (1,2). 
Quantitative measurements on rocket exhausts in high-altitude flight are difficult to 
make and available Information even related to this phase is sketchy and extremely 
difficult to interpret.  This situation prompted a preliminary study by the Naval Research 
Laboratory of rocket flames as a funct'on of altitude, which was conducted with \ vtry 
small rocket motor in an available simulated-altitude chamber (3).  Early experiments 
with this method appeared promising, and a program was Instituted to: 

(1) increase the exhaust rate capabilities of the simulated-altitude chamber, 

(2) install a larger rocket motor in the chamber, and 

(3) develop a suitable electromagnetic probe system for studying the electro- 
magnetic absorption of a small rocket exhaust. 

Since the completion of most of these facilities considerable experimental data have been 
gathered giving pjjsorption iOss of microwave signals through a flame diameter as a 
'unction of altitude and some fuel parameters.   In addition, some spectral emission  and 
tempeiature measurements on the flame have been made (4). 

SCOPE OF REPORT 

This report presents the magnitude and change In the electromagnetic wave absorp- 
tion by a rocket flame as a function of back pressure or simulated altitude, frequency of 
incident energy, and the quantity of some easily ionized fuel additives.  Data are pre- 
sented for the incident frequencies corresponding to wavelengths of 0.84 and 1.24 centimeters 
over the simulated-altitude range of 20,000 to 130.000 feet (325 to 2 mm of mercury). 
Absorption data on 3.2-centlmeter wavelength are also included for ambient back pres- 
sures up to only 100 mm of mercury.   Ail of these data with an explanatory Introduction 
are presented for reference as the content of Appendix A of this report.  Appendix B, with 
its explanatory introduction, shows a series of photographs of a rocket-motor Dame as 
a function of altitude.  These photographs, In conjunction with Figure 10, which portrays 
the position of the first shock diamond as a function of simulated altitude, show the 
geometrical growth as well as the position In the flame where quantitative absorption data 
were taken. 

EXPERIMENTAL EQUIPMENT 

The electronic system used to determine the electromagnetic wave absorption 
versus altitude data is shown In Fig. 1 and is similar to that described in previous 
reports (5,9).   The source magnetron Is modulated with 1/4 microsecond pulses at a rate 
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of 960 a second and its electromagnetic energy i.s passed through the flame in a direction 
perpendicular to the flame axis, that is, through a flame diameter, and restrained from 
other paths by means of horn-lens focusing antennas (6).   The signals are detected, 
amplified, passed through a scale expander, averaged, and then permanently displayed by 
a Sanborn Recorder.   A padded calibrated precision attenuator in the transmuting wave 
guide provides, by substitution of successive attenuation reference levels, a calibration of 
the system.   The antenna rack assembly which holds the horns at a lixed separation 
(Fig. -1) ein be moved in a known manner along (i.e., parallel to), the flame axis. 

1   n   '"" A   RCCKE: 
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,.£■.5 -nC-av 

NTECSJT  ',61 
VOLTMETER 

I   riMBC»N    : 
RtCCR^ER  \ 

Fig.    I   -  Electromapnetic  flame probe system 

The rocket motor, its fuel and oxidizer tanks, and control system w>re made under 
contract by Reaction Motors Incorporated (7).   The motor is nominally rated at 11-pound 
thrust when operating with a combustion chamber pressure of 300 pounds per square inch. 
A cross section of the nozzle of this motor is shown in Fig. 2. 

F.^     Z  -  Eleven-pound - thru st rocket 
motor nozzle 

Liquid oxygen and ethyl alcohol make up the propellant combination normally used, but 
wi'h this oxldizer-fuel combination electromagnetit absorption with the altitude chamber 
evacuated to an equivalent high altitude Is so small as to reduce the accuracy of attenua- 
tion measurements,   AS a consequence, low-lonlzation-potentlal fue' additives 
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Fig.  4 - Interior view of altitude chamber showing traveling 
rack carrying the electromagnetic probes 

Fig.   5   - Data recording arri rocket mutor control panel 
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A S I' ;NT PROCEDURE 

With the signal jenerating, transml islon, and detecting .system o( the desired wave- 
length In operation, the sensitivity is adjusted without the interposed flame to accomodate 
the expected signal level.   The altitude chamber is then pumped down to the desired simu- 
lated altitude and the electronic system   (Fig, 1), is calibrated by means oi the precision 
attenuator.   With this preparation, the rocket motor is ignited and adjusted for stable 
fuel flew and burning operation, after which •.h^ flame is traversed down its len'»h by the 
antenna rack while the desired data are taken. After the rack has traversed the flame 
length, the rocket motor is turned off and the electronic system again calibrated.   The 
main data, insertion loss, electromagnetic focus    position, and calibration data are all 
permanently recorded on the Sanborn Recorder.   It was pointed out that the observed 
values of loss with this s>; tem are very small, and fuel additives were used to enhance the 
observed loss values.   This does not produce fictitious data because a plot of 1' ss versus 
contaminant concentration is of the normal form. 

CONDENSED EXPERIMENTAL RESULTS 

Signal loss meas. rements through a flame diameter at wavelengths of 0.86 and 1.24 cm 
have been made as a function of ambient pressures up to 325 mm.  At an operating wave- 
length of 3.2 cm, the highest practical pressure used was 100 millimeters.   For pres- 
sures above the values 325 mm with 0.86-cm and  1.24-cm signals and 100 millimeters 
with 3.2-cm signal, the flame dimensions r.eared the point where some of the focused 
6i ;r ry by-passed the flame, rendering the data interpretation difficult. 

for all measurements the electromagnetic waves were focused by the horn-lens 
system on the flame and   their transit through the flame was on a diameter normal to the 
flame axis.   Effects due to reflection at the flame boundary and ionization by the incident 
electromagnetic waves are considered negligible ::. the b. sis of other work performed 
Is the cast but not reported herein. 

The information revealed by an extensive series of simulated altitude experimrr.ts 
is that the maximum absorption exrressed in db for0.86-and 1.24-cm waves through a 
Dime diameter is approximately linear with ambient pressure over the exhaust pressure 
range of 0 to 325 mm of mercury.   The maximum absorption referred to is obtained by 
traversing the length of the flame and picking the point of maximum loss, a point which 
moves farther down the flame from the rocket motor throat with decreasing ambient 
pressure.   U is also noted that the same linear relationship between db loss through a 
flame diameter and ambient pressure holds for other points through the flame, such as 
the sixth shock diamond, etc.   These observed absorption trends for signals of 0.ö6- and 
1.24-cm wavelengths are shown in Figs. 5 and 7 respectively.   Both figures show loss 
curves for fuel additives of cesium, potassium, and sodium acetate in the amount noted. 
til Fig. 8, maximum absorption loss for 3.2-cm signals is given with ambient pressure. 
As mentioned earlier, this pressure range is limited by the larger focal area of the 
electromagnetic system at this wavelength. 

Since the absorption for 0.85-, 1 .24 , and 3.2-cm waves is not thready different at 
.sea level ambient pressures, (2, 8] It Is evident 'hat the linear relationship between db 
loss through a flame diameter  and ambient pressure cannot hold ior 3.2-cm waves except 
a t ve ry i cm p r e s': 11 r e s . 
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Signal absorption -is a  function of ambient press- 
three di ft er ent  fuel a dditi ve s 

AMB  r'<r   PftESS  fl£      *•■«   Of    -q 

,■ r, ,11 absorption -M  I  Eun-c lion of ambient pre»sure for 
tnrfc differ ent fuel additives 
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Figure 9 !s .1 plot of normalized absorption loss through a flame diameter as a 
function oi ambient pressure and Is based on the measurements with 0.86- are) 1.24-cm 
wavelength signals.  As such it gives the cross flame absorption for any (xisition down 
the flame relative to the absorption at an ambient pressure of 300 mm of mercury at 
the equivalent position -- the equivalent position, for example, being through the same 
shock diamond. 

To a fair approximation, all dimensions of the flame show the same size dependence 
en ambient pressure.   This characteristic is demonstrated in Fig. 10, which gives dis- 
tance from the exit plane and first shock diamond as a (unction oi ambient pressure. 
Included or. the figure is a theoretical curve computed from simple expansion theory. 
Based on this type of data, a normalized plot of flame -size-versus-ambient-press ire 
is given in Fig. 11,   This plot is a pood representation of growth down the axis ^' ".he 
Hame, and a fair approximation of flame-diameter variation with ambient pressure. 

*GTH   J 2   Cu 

a, -     w 

F;g. 6 - Signal absorption .is a func- 
tion of ambient pressure and with 
potassium acetate fuel additive 
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10 100 

AJtfBIENT PRESSURE (UM OF HO 

F;g .   1!   -  Relative flame size versus ambient pressure 

CONCLUSIONS 

Electromagnetic absorption loss through the rocket exhaust has been found to decrease 
with ip.crea3i.ig altitude at wavelengths of 0.86, 1.24, and 3.2 cm.   For the 0.86- and 1.24-cm 
wavelengths, maximum absorption in db is approximately a linear function of ambient 
pressure over the range of 0 to 300 mm of mercury. 

Although the Influential flame boundaries are not well defined, and free electron 
distribution throughout the flame is not completely known, it is possible to estimate good 
first-approximation loss figures for various paths through the flame over a range of 
altitudes. 
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APPENDIX A 
Rocket Exhaust Absorption Characteristics 

as a Function ot Ambient Prossure 

This appendix details cross-flame absorption characteristics as a function ol dis- 
tance dov, r. the flame axis for various ambient pressures and for several degrees of 
different fuel contaminants.   The data presented in Fig, A-l through A-8 are identified 
as follows: 

FIGURE    SIGNAL WAVELENGTH (err.)     FUEL ADDITIVE 

A-l 

A-2 

A-3 

A-4 

A.-5 

A-6 

A-7 

A-8 

1.24 

1.24 

1.24 

1.24 

0.86 

0.86 

0.86 

3.2 

CsCl 

CsCjH,02 

KC2H30i 

NaCjHjO, 

CsCjH,02 

KCHJD, 

NaCjHjOj 

KC2H30, 

These data are the source of material for the plots in Figs. 6,7, 8, and 9.   One state- 
ment of explanation is in order; at : mbient pressures where the compression and rare- 
factions down the exhaust stream caused a pronounced wave-Hke character in the absorp- 
tion down the flame, average maximum absorption values were selected instead of 
peak values. 

I 
5 

ADDITIVE      :»   Cl     5  GMS/GAl    * JCL 

WAV*LENGTH     i 2* CM 

A    &MBl£N?   PRESSUftg   3 S MM OF   H 
0 51   VM   QP M( 

101   MM   OF H 
60 MM   0^ M 

JiO MM   OF * 
581 MM    Of H 

NQTI     NUMBERED DASHED LINES 
CORRESPOND   TO   TMF,   ShOCK 
DIAMOND  POSITIONS 

, TANI i   11» 

A),%oFpiion through «* Narm 
rx.it   plane   (or   srvrral 

diameter versus distance from motor 
trtibi<-iii pressures 
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l   I     A   2      Absorpd .:. through a Game diameter  versus distance 
from rocket moi      for severaJ ambient pressures 
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Fig.   A-4 -  Ausorptior. through a flamr üiamclcr versus distance 
from rocket motor for  several anibirrj; pressures 
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Fig     A-8 -  Absorption through a flame diameter venui distance 
from rocket motor for  »everai ambient pressures 
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c - 124,000 feet 
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, 
d - 119,000 feet 

e - 1)4.000 feet 

(F'R.    Bl   -  continued) 
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t - 96,000 feet 

h - 90. 000 feet 

i - 84,000 feet 

j - 77.000 feet 

(FIR.   Bl   -  rontinurd) 

CONFIDENT1A1 



22 
NAVAl   RESEARCH  1 ABOR ATOR1 

* - 70.000 feet 

1 - 53,000 feet 

m - 33,000 feet 

n - 22,000 feet 

(Fig.   Bl   - continued) 
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o - 17,000 feet 

p - 5,000 feet 

23 

q - Sea level 

r - StidJa reference 

Fig.   B)   -  Roc')"    rxhaust »tructure a« a /unction of ajtitu de 
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